In supercritical shocks, radiation pre-heating of the in-flowing material is comparable to that by the shock itself. Thus, the radiation opacity of the inflowing material is significant, as is its radiation energy density relative to its thermal energy. However, the opaque region is selfregulating, and its radiation is limited by the critical temperature. At the critical velocity, the energy density in the preheat layer approaches that of the shock, which limits further increase. The critical velocity and temperature decrease with altitude due to the decrease of density, which progressively reduces the shock radiation efficiency until losses cause them to increase again. around entering objects, because fast, -1 m objects produce bow shocks thicker than photon mean free paths and smaller than its transverse extent. Corrections for shock thinning and loss at high altitudes are significant above 30-40 km, where there is little radiation. Simplified expressions for temperatures and fluxes remain valid at the lower altitudes where most of the escaping radiation is generated.
The radiation efficiency of subcritical shocks increases strongly with velocity and altitude; that of supercritical shocks increases with altitude, but decreases with supercritical velocities, in contrast with conventional treatments, which assume a constant radiation efficiency or that the temperature saturates. Russian formulae have similar velocity dependencies similar to those for subcritical shocks. The effect of using critical shock efficiencies rather than constant
The treatment of strong, planar shocks is applicable to the radiation from the shocks efficiencies in entry calculations is to shift the region of maximum radiation one to two scale heights higher in altitude and to decrease overall radiation efficiency.
Shock structure and parameters. Figure 1 shows the Temperature T, density p, and pressure p profiles across a subcritical shock wave,2 i.e., one in which the radiation energy deposited in front of the shock does not raise the pre-shock temperature T-to the final value TI behind the shock. In such a subcritical shock, the temperature first rises due to the absorption of the energy radiated by the shock, then overshoots in the shock to a level that radiates strongly, and finally relaxes to the jump value T,. While the detailed structure of such shocks can be discussed analytically, the parameters of greatest interest here are the variation of T-and T, with shock speed V, which determines the radiation loss and observables. Figure 2 shows the variation of T. and T, with V. The variation of T, is somewhat stronger than linear; that of T-is much stronger. At V = 20 km/s, T, is about 4 ev-about an order of magnitude larger than T-Because T-increases more rapidly than TI with V, by V -90 km/s the two temperatures are roughly equal at -25 ev. Figure 3 shows the differences in the fluxes F, and F.. At V -20 km/s, F, is about three orders of magnitude larger than F-; however, F-increases much more rapidly than F, , so by -90 km/s, the two are again about equal at -3~1 0 '~ erg/cm2-s. Analysis of subcritical shocks. The variation of these temperatures and fluxes with velocity can be analyzed analytically. T, is within the optically thick region behind a strong shock, so the flux of radiation from it is F, -a;, where o -10" erg/cm2-ev4-s is the StefanBoltzmann constant. The temperature can be determined approximately from the approximate formula V2/2 -bT13", where b -33 km2/s2-e$/2, which produces3 from which T, -V4'3, in accord with the scaling in Fig. 2 . Substituting this result into F, produces in accord with the scaling of F, seen in Fig. 3 . The principal result of interest here is that the radiation flux F, is large, that it scales as -VIu3, and that most of it is reabsorbed within a few mean free paths, preheating the incoming air to T-. Only a small fraction of F, escapes to long ranges, as discussed further below.
Preheat layer. The energy flux at T-is dominated by kinetic rather than radiation energy. The flux can be estimated with Eq. (2) and an approximate equation of state. Figure 4 shows the specific energy density in front of the shock, e-, as a function of temperature, together with ejT-3/2 -constant K, which is -10/molecule-evl" or -3x10" erglg-ev'" in the region from 0.8 to 20 ev of primary interest. With this approximate equation of state, the equality of the outward flux of radiation and the inward flux of thermal energy resulting from its absorption in the cold gas gives a conservation relationship at the shock of T, -(v*/2b)~3,
which can be solved for This result shows that T. increases almost as strongly as V3-much more rapidly than T,, as seen in Fig. 2 . The approximate Eqs.
(1) and (3) were used to generate Figs. 1 and 2, which agree with results in the literature from more detailed treatments.
Critical velocity and temperature. For V = 90 km/s at sea level, Fig. 2 shows that, the pre-and post-shock temperatures converge to about 25 ev, and Fig. 3 shows that the pre-and post-shock fluxes converge to about 3x10 '' erg/cm*-s, which provides several ways of estimating the critical velocity V,. Perhaps the simplest is to equate F, -GT," -0(V2/2b)'" to the flux of kinetic energy, 1/2 pV3, and solve for which depends only on density. V,can be substituted into F, to determine the critical temperature Both are shown as functions of altitude in Fig. 5 . The critical temperature falls from -25 ev at sea level to 1 ev at 40 km. The critical velocity falls from about 90 km/s at sea level to 8 km/s at 40 km. While in standard density air, the transition from subcritical to supercritical shocks takes place at velocities too high to be of concern, at the altitudes at which -1 m objects enter the atmosphere, the transition occurs at typical entry velocities.
shock, T, -(V2/2b)2", and hence the flux F,, are independent of density, as long as the shock is thick. However, the flux of kinetic energy is proportional to p. Thus, as the density falls, the ratio of radiation to kinetic flux increases, which produces criticality with lower velocities and temperatures at higher altitudes.
Radiation losses from the preheat layer. The flux of kinetic energy into the shock is on the order of pV3/2. A fraction of this flux is retained in the heated gas behind the shock; a fraction f, is radiated from the shock; and a fraction f. is radiated from the preheated gas in front of the shock. The last two can be estimated analytically; the first is then determined as a residual. The fraction radiated from the preheated region can be determined simply. That region has an optical thickness of a few mean free paths, so it radiates as a blackbody with the temperature T.
-
of Eq. (4), which produces a normalized flux (6) to long distances. For V small, f-is small, but for V -90 km/s, it approaches the total flux of kinetic energy, as shown by Fig. 6 , which gives the normalized fluxes f, and f-as functions of V.
At 10 km/s, F, is about 1% of the flux of kinetic energy pV3/2, but f-is only -lo-*. By V = 30 km/s, f, is about 10% and f-is about 10". By V = 50 km/s, f, is about 30%, and f. is about 1%. By
The physical basis for the transition is clear from the fact that the temperature behind the
km/s, the radiation fluxes approximately equal the kinetic fluxes. Radiation at higher velocities is discussed in the subsequent section on super-critical shocks.
is a significant fraction of the incident kinetic energy flux even when the shock velocity is only 1-10% of the critical velocity. However, the strong re-absorption by the preheated layer in a subcritical shock strongly reduces the fraction of radiation that escapes to long range. That fraction can be estimated by using the fact that cold air is relatively transparent to photons with energies below 4-5 ev and opaque to photons with larger energies. The air behind the shock is thick and in equilibrium, so it radiates a black body spectrum B(w,T) with temperature T,. The fraction that escapes is
where w, is the cutoff photon energy, which is varied from 3 to 5 ev in Fig. 7 . The fraction of energy escaping increases about linearly with cutoff energy and decreases strongly with increasing shock temperature. For w, very small, f, would vary rigorously as 1m3. The actual variation over the 1-10 ev range of interest can be approximated by the UT2 curve sketched on the figure. Saturation at small temperatures, where all radiated energy escapes, can be treated by an interpolation formula of the form where a -l/ev2. Thus, the net radiation from the shock can be approximated by where the latter form holds for the high velocities of greatest interest. Radiation from the shock layer. As shown in Fig. 6 , the radiation from the shock layer
which gives the slow variation of Af, seen in Fig. 8 . For large V, the scaling of the total flux is essentially that off., as discussed above. The result of strong re-absorption of radiation from the shock is to make it dominant only for low velocities, where it is -0.3% of the overall flux. Note, however, that Af, -l/p, so it is necessary to examine the variation of this balance with altitude.
given by Eq. (5), from which the critical temperature is Figure 9 shows the decrease of T, with altitude, together with the preheat layer temperatures for shocks at V = 10,20, and 30 km/s. For V = 10 km/s, the intersection of T-and T, occurs at about 35 km, where T-= T, -1.3 ev, which is also the value of T, for 10 km/s, which does not vary Variation of radiation with altitude. The critical velocity as a function of altitude is
( 1 1) with altitude. For V = 20 km/s, the intersection occurs at about 25 km. For V = 30 km/s, it occurs at about 18 km. Crudely, increasing the velocity 10 km/s drops the critical altitude by about a scale height.
scaling would predict that the preheated layer could radiate more energy than is in the shock at altitudes above about 35 km, which is physically impossible. To find the appropriate limit for high velocities, it is necessary to briefly review supercritical shocks. the shock is comparable to the heating in the shock itself, i.e., T--TI. In this situation the radiation opacity of this inflowing material is significant, as is its radiation energy density relative to its thermal energy. It is possible to study the structure of such shocks analytically, but the main result needed for this discussion is the result that the opaque region is essentially selfregulating. That is, it adjusts its optical depth such that the radiation flow from the shocked region at T, to the critical surface at T, where the optical thickness drops to unity is just adequate to allow the critical surface to radiate the incident kinetic energy.
In this case the critical surface is defined as the surface in front of the discontinuity at which the thermal and radiation energy densities and fluxes are comparable. The former is given by Eq. (3) as PVKT:~, where V -kT; ' , and the latter is -oT: . Equating these results gives which can be solved for
The physical significance of these intersections is that for V = 10 km, the subcritical Supercritical shocks are those in which the radiation heating of the material flowing into pkKT: = e : ,
although the specific exponent depends on the fit used for the equation of state. The principal dependence is on p'", which is essentially the same as the p4" of Eq. (1 1). Figure 10 contrasts the variation of T, with p from the supercritical solution with that from the subcritical solution of Eq.
(1 1). There is little difference at low altitude; at most a factor of two a high altitude. Most of this is due to the differing fits to the equation of state used. Both curves indicate a simple log-linear decrease with altitude, with the T, from the supercritical solution lying slightly higher because of its smaller (square root) exponent. In the supercritical case the radiation loss is (14)
which at sea level is -g/cc x 3x106 cds-dev x 3x10" e r g l g -e~~~)~ / 10l2 erg/cm2-ev4-s -6~1 0 '~ erg/cm2-s, corresponding to a temperature of -23 ev, although the flux falls as p2 with altitude. Supercritical shocks can radiate a great deal of energy at sea level, but lose the capacity to do so rapidly with altitude. Their energy loss relative to the influx of kinetic energy varies as (15) which falls rapidly with altitude and velocity. Since the T, of Eq. (13) is similar to that of Eq.
(1 l), Fig. 9 again applies. T, is shifted to slightly higher values, which shifts the crossings to
slightly higher altitudes. However, that is a minor consideration. The meaning of the crossing of the T-and T, curves is now clear. As long as T-< T,, the radiative losses are as assumed in constructing Fig. 9 . When T-= T,, the optical depth of the preheat layer exceeds unity, and the T. T, contour moves further from the discontinuity, which shields the T-contour from the cold gas, reducing radiation transport and losses. For higher altitudes, the radiating temperature no longer continues to follow T-, which approaches T, , instead it falls along T,, reflecting the maximum flux that the critical surface can radiate. Figure 11 shows the resulting temperature, T-limited by T,, as a function of altitude for V = 10,20, and 30 km/s. The temperature for 10 km/s peaks at about 1.3 ev at 35 km and then falls. Those for 20 and 30 km/s peak at about 3 and 5 ev at 25 and 20 km, respectively. The limited radiation from the supercritical shock effectively eliminates the high temperatures predicted in Fig. 9 at high altitudes. Figure 12 shows the resulting normalized fluxes corresponding to these temperatures. The flux for 10 km/s peaks at about 0.55 at 35 km, the altitude of the peak temperature, and then falls rapidly to the 0.3% leakage from the shock by about 20 km. The flux for 20 km/s peaks at about 0.95 at 25 km and then falls to the shock leakage by about 10 km. The flux for 30 km/s peaks at about 0.7 at 20 km and falls to the shock leakage by about 5 km. The overall effect of the increase of T-and F-with altitude and the decrease of T, and F, with altitude is to produce a sharp peak in the radiated flux at the altitude at which T-and = T,. Thus, calculating the radiative loss at a given altitude is a matter of calculating TI, T-, T,; testing whether T-< T,; and using T-in calculating the radiative loss if it is and using T, if not. at various altitudes. These results are directly applicable to the radiation from the shocks that form around entering objects. An object of diameter D produces a bow shock whose thickness and width are both of order D. For a -1 m object, the thickness of the shock might be on the order of 10-20 cm. In the shock from an object moving at 15 km/s at 20 km, the photon mean free path, L, is a few centimeters, so L << D. Thus, the fact that the object is curved does not lessen the validity of the assumption that the flow is planar.
The relaxation processes sketched in Fig. 1 occur over a few mean free paths, so they occur over a distance << D. Thus, the fact that the flow must turn at the surface of the object does not disturb the calculation of the outward flow of radiation, so long as the shock is optically thick. Connection to entering objects. The discussion above has treated strong, planar shocks
Geometry.
A second correction for optical thickness involves the geometry of redeposition of thermal radiation. It is assumed in deriving Eq. (12) that essentially all of the energy radiated from the shock is reabsorbed by the cold or heated gas in front of it. That approximation is obviously valid for a planar shock, apart from the small fraction that escapes to infinity, as there is nowhere else for the radiation to go. If emitted radiation is deposited isotropically a distance L from an object of diameter D, the probability that it will lie in the path of the object and hence be recovered is -(DL)'; the rest of the radiation is effectively lost. This geometric dilution can be accounted for by dividing the emitted flux by (1 + L/D)2 to produce an adjusted effective flux which includes the corrections for both shock thickness and geometric loss. With these two corrections, Eq. (12) becomes Since L is an exponential function of T, this equation is transcendental, but it can be solved simply by iteration. Fig. 13 shows the resulting T, as a function of altitude for various object diameters. The curves follow the supercritical T, curve of As an example of the use of Fig. 13 , a 1 m object entering vertically at about 30 km/s would have a shock temperature of about 6 ev; thus, its radiation would not be limited above about 38 km. At that altitude it would reach criticality, and its radiating temperature would be reduced, to about 5 ev at 30 km. Then at about 23 km its temperature would again drop below critical. It would not be limited at lower altitudes. The reduction would be larger for larger objects, e.g., a 4 m object at 30 km/s would have its radiating temperature reduced by a factor of -(3.5/6)4 -0.12 at 35 km. objects in Fig. 14. The shape is similar to that of Fig. 13 , although the extremes are suppressed.
The overall variation of V, for large objects is fiorn -180 km/s at low altitudes to -60 km/s at 35 km, or about a factor of three. The variation for smaller objects is about a factor of 2. For a large object entering at V -30 krn/s, the ratio of VN, would be -2. From Eq. (6),
The critical velocity V, -kdT, is shown as a function of altitude for these diameter f--1.7(V/ V,)* 6po/p, (19) from which for a large object entering at V -30 km/s, the radiating efficiency would be -2( 1/2)' -0.5% at sea level and about 50% at 15 km, where the bulk of the radiation would be generated. The former is only slightly above the -0.3% leakage from the shock.
The reason for the minimum in V, and T, and is straightforward. Figure 15 shows D/L as a function of altitude for the values of D above. It shows that the shocks for the 0.25, 1, and 4 m objects are thick for altitudes above 30, 35, and 40 km, respectively, and thin for higher altitudes.
When D/L is large, the correction in Eq. (18) is small and T, -d(pkKT:/o), as in the planar case studied earlier in Eq. (13). When D/L is small, T : -(L/D)3d(pkW0), so T, increases by a large factor which in turn increases exponentially with density.
Because the corrections are significant only at altitudes above 30-40 km, where there is little radiation, the temperatures and fluxes of Figs. 11 and 12 remain valid at the lower altitudes where most of the escaping radiation is generated.
Heat flux to object. In calculating the radiation loss, the results of planar shock theory can be used directly. However, if it is necessary to calculate the radiative flux to the body, the deflection of the flow and hence the finite diameter of the object must be taken into account. For that calculation it is not the competition of preheat and supercriticality that must be considered, rather it is the simple radiative diffusion of heat from the inner shock at temperature T-to the solid object of effective temperature -0.3-0.4 ev corresponding to the evaporation temperature of the object material at the elevated temperature and pressure of the shock.
Comparison with other treatments. The main scaling results of the results above are the estimates of the radiation efficiency of subcritical shocks of -Vm9/pm in Eq. (4) and of the radiation efficiency of supercritical shocks of -p4"/pV3 -l/p3"V3 in Eq.
(1 1). The former gives a strong increase with object velocity and altitude; the latter gives a strong increase with altitude, but decrease with velocity V > V,. Conventional treatments assume a constant reradiation efficiency for simplicity, although there is no strong justification for doing so. Other treatments assume that the temperature saturates at a value of 2-3 ev, which is not consistent with the strong increase of temperature with altitude for subcritical shocks and decrease for supercritical shocks. Russian interpolation formulae have velocity dependencies not unlike those for subcritical shocks and make reference to similar distinctions between subcritical and supercritical shocks. The overall effect of using critical shock efficiencies rather than constant efficiencies in performing entry calculations is to shift the region of maximum radiation one to two scale heights higher in altitude and to decrease the overall radiation efficiency. during entry, leaving unanswered some issues in the radiation efficiency of large objects, which are addressed in the context of the sub-and super-critical shock waves they produce during entry. In a subcritical shock wave the radiation deposited in front of the shock does not raise the preSummary and conclusions. An earlier note discussed the radiation by hard objects shock temperature to the final value behind the shock. The temperature first rises due to the absorption of energy, then overshoots in the shock to a level, radiates strongly, and finally relaxes to the jump value. The temperature of the radiating gas in the shock and that of the nonequilibrium radiating layer in front of it can be determined analytically, as can the radiative losses from them.
In supercritical shocks, radiation pre-heating of the in-flowing material is comparable to that by the shock itself. Thus, the radiation opacity of the inflowing material is significant, as is its radiation energy density relative to its thermal energy. However, the opaque region is essentially self-regulating, and its radiation is limited by the critical temperature. At the critical velocity, the energy density in the preheat layer approaches that of the shock, which limits further increase. The critical velocity and temperature decrease with altitude due to the decrease of density, which progressively reduces the shock radiation efficiency until altitudes of 30-40 km, above which losses cause the critical velocity and temperature to increase again.
The discussion of strong, planar shocks is applicable to the radiation from the shocks around entering objects, because -1 m objects produce bow shocks a few tens of cm in thickness and a few meters in width. Photon mean free paths are a few centimeters, so the fact that the shock is a few tens of cm thick does not lessen the validity of the assumption that it is infinitely thick and the fact that the object is curved on the scale of a few meters does not lessen the validity of the assumption that the flow is planar on the scale of a mean free path. It is, however, necessary to correct for the thinning of the shock and geometric loss of energy at high altitudes. Because the corrections are significant only at altitudes above 30-40 km, where there is little radiation, the simplified temperatures and fluxes remain valid at the lower altitudes where most of the escaping radiation is generated. The main scaling results are the estimates of the radiation efficiencies of subcritical and supercritical shocks as functions of object altitudes and velocity. The former increases strongly with velocity and altitude; the latter increases with altitude, but decreases with supercritical velocities. Conventional treatments assume a constant radiation efficiency for simplicity, or assume that the temperature saturates at a few ev, which is not consistent with the strong increase of temperature with altitude for subcritical shocks and decrease for supercritical shocks. Russian formulae have similar velocity dependencies similar to those for subcritical shocks. The effect of using critical shock efficiencies rather than constant efficiencies in entry calculations is to shift the region of maximum radiation one to two scale heights higher in altitude and to decrease overall radiation efficiency. Fig. 1 . Temperature, density, and pressure profiles in a shock front of not too large a strength, taking into account radiant heat exchange. 
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